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Abstract: Effects of chemical composition and heat treatment on microstructures and mechanical properties of in-situ 
Mg2Si/Al-Si composites were investigated. It was found that, in the microstructure of an Al-5.7wt% Mg2Si composite 
with 8.2wt% extra Si, the binary eutectic Mg2Si locates at the grain boundaries with an undeveloped Chinese script-like 
morphology, and the primary α-Al is formed into a cell structure due to the selective modiﬁ  cation effect of the modiﬁ  ers 
of mischmetal and Strontium salt; whereas in the composite with a near Al-Mg2Si eutectic composition and little extra 
Si content, the intercrescence eutectic Mg2Si formed with the binary eutectic α-Al grows into integrated Chinese script-
like shape. As Si content increases, the eutectic Mg2Si dendrite becomes coarser in morphology but less in volume 
fraction. Hardness and tensile strength of the cast Mg2Si/Al-Si composites do not increase with increasing of Mg 
content, but they are related to the size and morphology of the eutectic and primary Mg2Si phases. Heat treatment with 
optimal parameters is an effective way to improve the properties of the in-situ composites.
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g2Si/Al-Si composite is a potential material for 
automobile brake disc because the intermetallic 
compound Mg2Si exhibits high melting temperature, low 
density, high hardness, low thermal expansion coefﬁ  cient and 
reasonably high elastic modulus
[1-3]. Among various Mg2Si/
Al-Si composite fabricating techniques, the in-situ casting 
technique has attracted considerable attention recently because 
of the thermodynamically stable and compatible interfaces and 
the clean reinforcement particles that produced in the in-situ 
nucleation 
[4]. 
However, in general, in-situ casting process usually 
produces coarse primary or eutectic Mg2Si phases, which 
would deteriorate the performance of the material. One of the 
key factors related to the appearance of these coarse phases is 
involved with the chemical composition of the material itself, 
especially the concentration of Mg and Si. 
Liu Ping et al 
[5] have studied the inﬂ  uence of Mg content 
on the microstructure and performance of a hypereutectic Al-
18%Si alloy and have made several conclusions: when Mg 
content increases from 0.5% to 3.0%, the tensile strength 
of the alloy increases slightly, while the ductility decreases 
somewhat; rare earth modification and heat treatment are 
effective ways to improve the microstructure and properties 
of the material. The author also studied optimal heat treatment 
parameters for the Al-Mg-18%Si alloy 
[6]. Zhang Jian 
[7] studied 
the microstructure of an in-situ Al/Mg2Si/Si composite and 
found out that excessive Si can improve the tensile properties 
of the material. R. Sharma 
[8] et al. studied inﬂ  uence of silicon 
and heat treatment on the abrasive wear behavior of cast Al-Si-
0.3wt%Mg alloy. In an Al-Si-Mg alloy, A. Thirugnanam 
[9] et 
al. reported that the hardness and tensile values increase with 
Mg content increase from 0.3% to 1.0%, while the ductility 
decreases. 
However, all these researches are restricted within a narrow 
Mg concentration range, about 0.3wt% to 3.0wt%; Mg is 
added just as an alloying element to improve the properties of 
Al-Si alloy, but not mainly to produce large amount of in-situ 
Mg2Si reinforcement phases. In this work, the authors focus on 
the inﬂ  uences of Mg and Si concentration changed in a larger 
range on the microstructure and the mechanical properties 
of in-situ Mg2Si/Al-Si composites, and the influence of a 
subsequent heat treatment on the composites as well. 
1 Experimental procedures
Commercial Al-23wt%Si master alloy (ingot), pure Al (ingot, 
>99.98% purity) and Mg (ingot, >99.7% purity) were used to 
prepare the experimental alloys, and mischmetal and Strontium 
salt (composition, Pr: Nd: SrCl2=11:14:25) were used as 
modiﬁ  ers. 
Experimental procedures are as the following: about 500 g 
of alloy was prepared for each heat. After the pre-weighted 
Al and Al-Si alloy were melted and degassed in a graphite 
crucible in an electric resistance furnace, the required amount 
of magnesium (20% burning loss), which was wrapped in 
an aluminum foil, was added when the temperature reached 
about 720℃. Five minutes later, when the temperature reached CHINA FOUNDRY
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about 780℃, the modifiers (about 0.5wt% content) were 
added into the melt. After 10 minutes, the modiﬁ  ed melt was 
poured into a steel die to cast the in-situ composite ingot. 
All the experimental ingots were classified into two groups. 
Mg contents in one group were gradually increasing, and the 
composites were accordingly numbered as M1, M2, and M3, 
while in the other group, the composites with silicon content 
increase were numbered as S1, S2, S3, respectively. The 
speciﬁ  c chemical compositions of the composites were shown 
in Table 1 
Specimen No M1 M2 M3 S1 S2 S3
Element composition Al-3.6Mg-10.3Si Al-5.0Mg-8.5Si Al-7.6Mg-9.4Si Al-5.1Mg-4.9Si Al-5.1Mg-8.4Si Al-5.1Mg-10.9Si
Expected Mg2Si 
content
Al-5.7Mg2Si-8.2Si Al-8.0Mg2Si-5.5Si Al-12.0Mg2Si-5.0Si Al-8.0Mg2Si-2.0Si Al-8.0Mg2Si-5.5Si Al-8.0Mg2Si-8.0Si
Table 1 Chemical composition of the Mg2Si/Al-Si composites (wt. %)
The first group of the ingots was heat treated under the 
condition of T4 (6 h) + T1 (8 h), that is, all the specimens 
were solution-treated at 500℃ for 6 h, then quenched into cold 
water, and ﬁ  nally aged at 175℃ for 8 h. 
All the metallographic specimens were etched with 0.5% 
hydrofluoric acid (HF). The specimens used for tensile test 
were machined to a speciﬁ  c size as shown in Fig.1. Tensile test 
was completed on a WDW 3200 computer controlled universal 
tester. 
Fig.1 Speciﬁ  c size of the specimens for tensile test
2 Results and discussion
Figure 2 shows the as-cast microstructures of the in-situ Mg2Si/
Al-Si composites. According to the material composition and 
the Al-Mg-Si equilibrium ternary phase diagram
[10], in Fig. 2 
the grayish phase with an undeveloped Chinese script-like 
shape located at the grain boundaries in M1 and inside the 
grain (surrounded by eutectic a-A1 white phases) of M2 and 
M3 can be identiﬁ  ed as binary eutectic Mg2Si, and the deep 
gray or black net-like substance can be identified as ternary 
eutectic of (a-A1+Mg2Si+Si), and the white areas as a-A1. In 
addition, the black particles in M3 are primary Mg2Si.
From Fig. 2, it can be observed that, the total amount 
of Mg2Si increases with Mg content increase, its general 
morphology changes from undeveloped to developed Chinese 
script-like, and finally some black irregular Mg2Si particles 
appear in M3. It also can be observed that, the white a-A1 
phase in M1 has been formed into a cell structure, while not in 
M2 or M3. From this, it can be deduced that the modiﬁ  ers of 
mischmetal and strontium salt have a good modiﬁ  cation effect on 
primary but not on eutectic a-A1 phase. From Fig. 2, in addition, 
it can be found that the binary eutectic Mg2Si in M1 distributes 
at the cell boundaries dispersedly. This is because binary 
eutectic a-A1 did not co-solidify with eutectic Mg2Si but 
adsorbed on lots of primary a-A1 available to grow, in the end 
the eutectic Mg2Si was pushed to crystallize around the grain 
boundries dispersedly. Whereas, in M2, the specimen has a 
near pseudoeutectic composition with slightly extra Si content; 
under the actual solidiﬁ  cation condition, considerable amount 
of binary eutectic of (a-A1+ Mg2Si) was supposed to produce. 
At this case, binary eutectic a-A1 did not adsorb on primary 
aluminum to grow but co-solidified with eutectic Mg2Si, 
showing a feature of the developed Chinese script-like eutectic 
Mg2Si surrounded by the eutectic a-A1. 
Figure 3 shows the microstructures of in-situ Mg2Si/Al-
Si composites with different extra Si contents. It can be seen 
that, with extra Si content increase, the proportion of the 
ternary eutectic increases, while the binary eutectic decreases 
but with coarser morphology. This indicates that extra Si has 
made inﬂ  uence on the formation of the binary eutectic during 
solidiﬁ  cation. And the inﬂ  uence can be approximated by the 
following formula 
[7,13]: 
 
Where, aij is the interaction coefﬁ  cient of element i and j, 
 is the mixed enthalpy of per mol i and per mol j, and N is 
the mol fraction.
Fig. 2 As-cast microstructures of in-situ Mg2Si/Al-Si composites with Mg content of 3.6wt% (M1), 5.0wt% (M2), 
and 7.6wt% (M3)Research & Development
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Then, according to the relative data, a speciﬁ  c relation curve 
between the interaction coefficient of Mg and Si aSiMg and 
the Si mol fraction NSi can be established, as shown in Fig. 4. 
Here, a high interaction coefﬁ  cient means a strong interaction. 
From Fig. 4, it can be seen obviously that, as NSi increases, 
aSiMg decreases. This means that the interaction between 
elements of Mg and Si weakens as Si content increases, and 
consequently, the nucleation rate of Mg2Si reduces. Thus, the 
ﬁ  nal produced binary eutectic Mg2Si decreases in amount and 
the dendrite size coarsens, as shown in Fig. 3.
Figure 5 shows the heat treated microstructures of the 
composites, and the corresponding as-cast microstructures are 
shown in Fig. 2. Comparing the two groups of ﬁ  gures, it can 
be found that after heat treatment the as-cast eutectic Si and 
Mg2Si in the net-like ternary eutectic (Fig. 2) has a tendency 
to shrink into spherical shape (Fig. 5). This is because the 
(a-A1+ Mg2Si+Si) ternary eutectic has the lowest temperature 
that involves liquid phase, and under the solution temperature, 
elements diffuse rapidly. As the diffusion obeys the rule of 
the lowest energy consume and the shortest distance move, 
Mg and Si do not diffuse through a long distance from the two 
ends to the middle of the short rods-like ternary eutectic Si or 
Mg2Si, but break from some high energy places to form ﬁ  ne 
particles or spherical shapes, and then a good reﬁ  ned Si and 
Mg2Si result is expected to be achieved. Fig.4   αSiMgchanges with different Si content Nsi
Fig. 5 Heat treated microstructure of the in-situ Mg2Si /Al-Si composites
Here in M1 of Fig. 2, it should be noticely mentioned that, 
due to the smallest amount of the binary eutectic and the 
greatest concentration gradient build up in the casting process, 
during the subsequent heat treatment, Mg and Si in the binary 
eutectic diffuse rapidly and eventually the binary eutectic 
breaks into short rods and remained at the grain boundaries, as 
seen in Fig. 5 M1. Whereas, in M2 of Fig. 2 there being lots 
of developed Mg2Si structures, during the solution treatment, 
elements in the long branches would take longer time to 
diffuse, thus the dissolution effect on the binary eutectic Mg2Si 
is not optimal, and its structure is still a little coarse (Fig. 5). 
Better solution result is expected by elevating the solution 
temperature appropriately or properly prolonging the treating 
time. 
M3 of Fig. 5 shows that, during heat treatment the as-cast 
primary Mg2Si particles have been dissolved at a great extent 
and only small particulates remain which could not be easily 
distinguished from the heat treated binary eutectic. All these 
results indicate that an optimized heat treatment process is 
an effective way to improve the microstructure of the in-situ 
Mg2Si/Al-Si composites.
Effects of composition and heat treatment on the mechanical 
properties of the composites have also been studied in this 
work, the results are shown in Table 2. 
It is evident that the mechanical property of the in-
situ composites has a great relationship with the size and 
morphology of the eutectic and primary Mg2Si phases. In 
specimen M1, as shown in Fig. 2, the theoretical content of 
eutectic Mg2Si to be formed is 5.7 wt. %, which is much lower 
than that of the pseudoeutectic composition, 13.9 wt% 
[11,12], 
so there produced few undeveloped Mg2Si dendrites in the 
prepared composite. However, in as-cast specimen M2, the 
Fig. 3 As-cast microstructures of in-situ composites with extra Si content of 2.0wt %( S1), 5.5wt % (S2), and 8.0wt%(S3)CHINA FOUNDRY
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Table 2  Mechanical properties of the cast and the corresponding heat-treated in-situ Mg2Si/Al-Si composites
State Specimen No. Hardness (HB) Tensile strength (MPa) Percentage reduction of area (%)
Cast
M1 84.3 200.45 2.51
M2 80.4 192.34 1.77
M3 92.0 221.63 1.95
Heat treated
M1 111 261.87 2.00
M2 112 266.31 1.40
M3 118 289.60 1.19
theoretical content of Mg2Si to be formed is 8.0 wt. %, which 
is closer to the pseudoeutectic composition, so there produced 
lots of coarse and brittle Mg2Si dendrites in the composite, 
which would deteriorate the properties of the material. 
Therefore, the hardness and tensile strength of cast specimen 
M2 are the lowest among the three specimens. Mg content in 
M3 is the highest amongst samples M1, M2 and M3, and the 
theoretical content of Mg2Si is 12 wt. %, which is quite close 
to the pseudoeutectic composition. However, because of non-
equilibrium solidiﬁ  cation, some primary Mg2Si particles and 
as a result less eutectic Mg2Si dendrite are produced in the cast 
M3 sample. Because these primary Mg2Si particles are small 
in size, they are ideal to be used as reinforcements for the 
composite, so the cast specimen M3 has the highest hardness 
and tensile strength as expected. 
In Table 2, it is also evident that after heat treatment, 
although the percentage reduction of area of the material 
were reduced a little, the hardness and the tensile strength 
were enhanced more than 30%, which demonstrated that heat 
treatment is an effective way to improve the comprehensive 
mechanical properties of the in-situ Mg2Si/Al-Si composites.
3 Conclusions
(1) In the solidification microstructure of an Al-5.7wt% 
Mg2Si composite with 8.2wt% extra Si, the binary eutectic 
Mg2Si locates at the grain boundaries with an undeveloped 
Chinese script-like shape, and the primary a-A1 is formed 
into a cell shape due to the selective modiﬁ  cation effect of the 
modifiers of mischmetal and Strontium salt; whereas in the 
composite with a near Al-Mg2Si eutectic composition and little 
extra Si content, the intercrescence eutectic Mg2Si formed with 
the binary eutectic a-A1 grows into integrated Chinese script-
like shape.
(2) With an increase in extra Si content, the binary eutectic 
Mg2Si dendrite in in-situ Mg2Si/Al-Si composites becomes 
coarser in morphology but less in volume fraction due to the 
restricted solute diffusion of the extra Si. 
(3) Hardness and tensile strength of the cast in-situ Mg2Si/
Al-Si composites do not increase with Mg content increase, 
but are related to the size and morphology of the eutectic 
and primary Mg2Si phases. A subsequent heat treatment with 
appropriate parameters is an effective way to improve the 
microstructures and properties of the in-situ Mg2Si/Al-Si 
composites.
References
[1]  Jiang Q C, Wang H Y and Wang Y, et al. Modification of 
Mg2Si in Mg-Si alloys with yttrium. Materials Science and 
Engineering A, 2005, 392:130-135.
[2]  Qin Q D, Zhao Y G and Liu C, et al. Effect of holding 
temperature on semisolid microstructure of Mg2Si/Al composite. 
Journal of Alloys and Compounds, 2006, 416:143-147.
[3]  Liao Lihua, Wang Haowei and Li Xianfeng, et al. Research on 
the dislocation damping of Mg2Si/Mg-9Al composite. Materials 
Letters, 2007, 61:2518-2522.
[4]  Zhang J, Fan Z and Wang Y Q, et al. Microstructural 
development of Al-15wt.%Mg2Si in-situ composite with 
mischmetal addition. Materials Science and Engineering A, 
2000, 281: 104-112.
[5]  Liu Ping, Liu Zheng and Xu Kai. Effect of Mg content on 
microstructure and mechanical properties of hypereutectic 
Al-18% Si alloy. Heat Working Technology (Casting and 
Forging), 2005, 35(5): 8-10. (in Chinese) 
[6]  Liu Ping, Liu Zheng and Xu Kai. Effect of RE modiﬁ  cation and 
heat treatment on mechanical properties of hypereutectic Al-
0.6Mg-18Si alloy. Nonferrous Metals Processing, 2005, 35(3 ): 
7-10.
[7]  Zhang Jian, Zhou Benlian. Study on solidification 
microstructure of in-situ Al/Mg2Si/Si composite.   Acta 
Materiae Compositae Sinica Kumar A, 1999, 16(4): 30-34.  (in 
Chinese) 
[8]  Sharma R, Kumar A and Dwivedi D K. Influence of silicon 
(wt.%) and heat treatment on abrasive wear behavior of cast 
Al-Si-Mg alloys. Materials Science and Engineering A, 2005, 
408: 274-280.
[9]  Thirugnanam A, Sukumaran K, Pillai U T S, et al. Effect of 
Mg on the fracture characteristics of cast Al-7Si-Mg alloys. 
Materials Science and Engineering A, 2007, 445-446: 405-
414.
[10]  Gong Leiqing, Jin Changgen, Liu Faxin, et al. Metallography 
of As-Cast Aluminum Alloys. Changsha: Central South 
Univers. Tech. Press, China, 1987. (in Chinese)
[11]  Zhang J, Fan Z and Wang Y Q, et al. Microstructural 
development of Al-15wt.% Mg2Si in-situ composite with 
mischmetal addition. Materials Science and Engineering A, 
2000, 281: 104-112.
[12]  Zhang J, Fan Z and Wang Y Q, et al. Microstructural evolution 
of the in-situ Al-15wt.% Mg2Si composite with extra Si 
contents. Scripta Mater., 2000, 42:1101-1106
[13]  Kearns M A and Cooper P S. Effects of solutes on grain 
refinement of selected wrought aluminium alloys. Materials 
Science and Technology, 1997, 13: 650-658.
The project was ﬁ  nancially supported by the Jiangxi Provincial Department of Education (No.GJJ08268).